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Abstract.  Vascular endothelium in vivo appears to 
function as a  polarized epithelium. To determine 
whether cellular polarity exists at the level of the 
plasma membrane, we have examined cultured en- 
dothelial monolayers for evidence of differential distri- 
bution of externally disposed plasmalemmal proteins at 
apical and basal cell surfaces. Lactoperoxidase beads 
were used to selectively label the apical surfaces of 
confluent endothelial monolayers, the total surfaces of 
nonenzymatically resuspended cells, and the basal sur- 
faces of monolayers inverted on poly-L-lysine-coated 
coverslips, while maintaining >98%  viability in all 
samples.  Comparison of the SDS PAGE radioiodina- 
tion patterns obtained for each surface revealed a  num- 
ber of specific bands markedly enriched on either api- 
cal or basal surface. This polarized distribution 
involved membrane-associated as well as integral 
membrane proteins and was observed in several strains 
of bovine aortic endothelial cells, as well as in both 
primary and passaged human umbilical vein en- 
dothelial cells. In contrast, two morphologically non- 
polarized cell types, bovine aortic smooth muscle and 
mouse peritoneal macrophages, did not display 
differential localization of integral membrane proteins. 
Polarized distribution of integral membrane proteins 
was established before the formation of a confluent 
monolayer. When inverted (basal-side-up) monolayers 
were returned to culture, the apical-side-up pattern 
was reexpressed within a  few days. These results dem- 
onstrate that cell surface-selective expression of plas- 
malemmal proteins is an intrinsic property of viable 
endothelial cells in vitro. This apical/basal asymmetry 
of membrane structure may provide a basis for pola- 
rized endothelial functions in vivo. 
V 
ASCULAR endothelium is a simple squamous epithe- 
lium whose luminal (apical) surface faces the blood 
and whose abluminal (basal) surface faces the tissues 
of the body. Endothelial cells typically are flat and atten- 
uated,  and  generally  lack  the  morphologically apparent 
plasma membrane specializations and apical-basal  asym- 
metry characteristic of many epithelia.  In contrast, many 
physiological and biochemical  studies  have demonstrated 
that the luminal surface of endothelial cells can actively par- 
ticipate in a  number of important processes,  such as the 
transport of insulin (15) and low density lipoproteins (38), 
angiotensin metabolism (26),  binding activation and inac- 
tivation of components of the coagulation cascade (reviewed 
in references 10, 21, and 25), and the localized adhesion of 
circulating blood  leukocytes (12). In  these  roles,  the en- 
dothelial cell interacts with specific cellular and molecular 
components of blood as well as those of subendothelial tis- 
sues. Moreover, it is becoming increasingly apparent that the 
endothelial cell surface can be dynamically modulated in 
response to certain pathophysiologic stimuli, including in- 
flammatory stimuli and mediators such as endotoxin, lym- 
phokines, and monokines (2, 3). These functionally appar- 
ent specializations of the endothelial surface thus belie its 
relative lack of morphologic specialization. 
Simionescu and co-workers have approached the question 
of topographical specializations of the luminal endothelial 
cell surface by performing ultra-structural tracer perfusion 
studies in mice (33). In fenestrated visceral capillaries, they 
have  defined differentiated microdomains,  which  are  en- 
riched in certain glycoconjugates that impart regional differ- 
ences in surface charge along the blood front, as well as on 
luminal versus abluminal surfaces (34). The chemical nature 
of these microdomains has been assessed by selective en- 
zymatic digestions (30).  In other studies differences have 
been observed in the lateral mobility of membrane phospho- 
lipids of the apical and basal surfaces of endothelial cells 
under certain culture conditions (20),  and, recently podo- 
calyxin, a  140-kD  sialoprotein originally described in rat 
glomerular  epithelial  cells,  has  been  localized  immuno- 
histochemically to the luminal surface of endothelial cells in 
several organs (14). None of these studies, however, directly 
addressed whether these specializations  reflect, or might con- 
tribute to, an apical-basal asymmetry of function in vascular 
endothelium. 
In highly differentiated epithelial cells (e.g., renal tubule 
cells, hepatocyte), polarized functions often correlate with 
an asymmetric distribution of cell membrane proteins (struc- 
tural membrane polarity) (1,  35).  In the current study, we 
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ists in vascular endothelium. Using monolayers of endotheli- 
al cells cultured from different blood vessels and species as 
an in vitro model, we developed a method of selectively ra- 
diolabeling externally disposed membrane proteins of either 
the apical or the basal (substratum-attached) cell surface. By 
this  approach we have been able  to document consistent 
surface-specific patterns of integral membrane (as well as 
membrane-associated) proteins that appear to be intrinsic 
features of apical and basal endothelial cell surfaces. These 
findings provide strong evidence that vascular endothelium 
is indeed a polarized epithelium. 
Materials and Methods 
Materials 
The following special reagents and materials were obtained from the sources 
indicated: EM-grade ghitaraldehyde, osmium tetroxide, uranyl acetate, lead 
citrate, n-amyl acetate, nonflexible collodion, Ilford L-4 nuclear emulsion, 
copper  EM  grids,  and  carboxylate-modified polystyrene latex  spheres 
(0.69-1xm diam) (Polysciences Inc.,  Warrington,  PA);  N-hydroxysuccini- 
mide and  1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide  metho-p-tolu- 
ene sulfonate (Aldrich Chemical Co., Milwaukee, WI);  lactoperoxidase 
(LPO) ~ (Calbiochem-Behring Corp., La Jolla, CA); glucose oxidase type 
VII (GO), poly-L-lysine hydrobromide of 110-300 kD (PLL), Nonidet P-40 
(NP-40), phenylmethylsulfonyl fluoride (PMSF), aprotinin, o-dianisidine, 
3,Y-diaminobenzidine  tetrahydrochloride (DAB), trypan blue dye, and high 
molecular weight PAGE protein standards (Sigma Chemical Co., St. Louis, 
MO); all other materials for SDS PAGE (Bio-Rad Laboratories, Richmond, 
CA); Triton X-I14 (TX-114) (Fluka Biochemicals, Hauppague, NY); soybean 
trypsin inhibitor (SBTI) (Cooper Biochemical, Malvern, PA); LSM  tm lym- 
phocyte separation medium (LSM) (Litton Bionetics, Kensington, MD); 
and  carrier-free Na125I (New England Nuclear,  Boston,  MA).  Affinity- 
purified rabbit IgGs directed against human collagen types I, III, IV, and 
V and fibronectin were the generous giR of Dr. Joseph Madri (Yale Univer- 
sity School of Medicine), and swine anti-rabbit IgG and rabbit peroxidase 
anti-peroxidase complexes were from DAKO (Santa Barbara,  CA).  All 
other chemicals were reagent grade or better. 
Tissue culture reagents and supplies included Hanks' balanced salt solu- 
tion without calcium or magnesium (HBSS), Dulbecco's phosphate-buffered 
saline (DPBS) containing 0.88 mM Ca  ++ and 0.49 mM Mg  ++, Dulbecco's 
modified Eagle's medium (DME), Medium 199 (M199),  calf serum (CS), 
and fetal calf serum (FCS) (Whittaker M. A. Bioproducts, Walkersville, 
MD);  glass coverslips,  12-mm  diam (Bellco Glass, Inc., Vineland, NJ); 
plastic coverslips,  15-mm  diam (Lux Thermanox, Miles Scientific Div., 
Naperville, IL); standard tissue culture plastic petri dishes (Coming Glass 
Works, Coming, NY or Nunc, Roskilde, Denmark); 6- and 24-well culture 
plates and  sterile pipettes (Costar,  Cambridge,  MA);  standard and Pri- 
maria  TM tissue culture dishes (Falcon Lahware, Oxnard, CA); lyophilized 
human serum fibronectin (New York Center for Blood Research, New York, 
NY); gelatin (Difco Laboratories Inc., Detroit, MD; endothelial cell growth 
factor,  culture grade (ECGF) (Meloy Laboratories Inc., Springfield, VA); 
heparin and porcine intestinal mucosa,  reagent grade (Sigma Chemical 
Co.). 
Cell Source and Culture 
Bovine aortic endothelial cells (BAEC) were prepared from collagenase 
digests of  calf thoracic aortic intima and passaged on uncoated tissue culture 
plastic or glass coverslips in DME supplemented with 10 % calf serum (10% 
CS-DME) as previously described (8). The majority of this work was car- 
ried out using one strain (U-BAEC) between passages 16 and 39. However, 
several strains originally isolated by three different investigators were also 
1. Abbreviations usedin thispaper: AS, apical surface; BAEC, bovine aortic 
endothelial cell(s); BS,  basal surface; DAB,  3,3Ldiaminobenzidine tetra- 
hydrochloride; DPBS,  Duibecco's phosphate-buffered saline  (with  Ca  ++ 
and Mg++); ECM, extraceUular matrix; EM-ARG, electron microscopic 
autoradiography; GO, glucose oxidase; LPO, lactoperoxidase; LPO-latex, 
lactoperoxidase covalently bound to 0.7 lain polystyrene sphere; PLL, poly- 
L-lysine;  SBTI,  soybean trypsin inhibitor; TCS,  total cell surface. 
tested. Strain JOS-BAEC was the generous girl of Dr. George King (Joslin 
Diabetes Center, Boston, MA). All BAEC strains used grew in a typical 
cobblestone morphology with rare or absent "sprout  ~ cells. Bovine aortic 
smooth muscle cells (BASM) were cultured from explants of calf thoracic 
aortic media and passaged in 10% CS-DME. 
Human umbilical vein endothelial cells (HUVEC) were isolated by col- 
lagenase perfusion of normal term umbilical cords as previously described 
(8). Primary cultures, pooled from three to five cords, were grown on un- 
coated tissue culture plastic in 20%  FCS-MI99.  Passaged cultures were 
grown on gelatin (0.1%)  or fibronectin (1.0 I.tg/cm2)-coated tissue culture 
plastic in 20% FCS-M199 supplemented with ECGF (50 gg/ml) and bepa- 
rin (100 gedml). 
Murine  resident peritoneal  macrophages  were  isolated  from  retired 
breeder Swiss-Webster mice (Taconic  Farms, Inc., Germantown, NY) as 
previously described (18) and cultured in  10% FCS-MI99. 
Preparation of  a Viable  Population of 
NonenzymaticaUy Resuspended Cells 
Confluent monolayers were washed three times in warm (37°C) HBSS, in- 
cubated  for 5-10  min at  37°C  in a  CO2  incubator in 30  gM  EDTA  in 
HBSS, and then washed with ice-cold HBSS. This treatment caused cells 
to round up slightly and retract from each other without actual detachment 
or loss of viability.  The cells were gently scraped in 1-2 ml of HBSS on 
ice using a Teflon spatula, an equal volume of protease inhibitor solution 
(0.3  mg/ml  SBTI  and  1.4  trypsin inhibitor units  [TIU]/ml  aprotinin in 
DPBS) was added, and the cell suspension was gently pipetWxt several times 
in a siliconized pasteur pipette to help disaggregate residual cell clumps. 
The celt suspension was carefully pipetted onto a prechilled discontinuous 
Ficoll/hypaque gradient consisting of 4 ml of a 1.7:2.3 mixture of DPBS to 
LSM (p =  1,033) on top of 3 ml ofundUuted LSM (p =  1.077). The gradient 
was centrifuged at 1,000 g for 5 min at 4°C, after which >85 % of the cells 
were recovered at the upper interface with a  viability of usually >99% 
(trypan blue dye exclusion). Dead or damaged cells that could not exclude 
metrizamide had their buoyant density artificially increased and therefore 
were enriched in the lower interface, which was discarded. 
Inversion of  Endothelial Cell Monolayers 
To selectively radioiodinate the basal surface of living endothelial cells, a 
procedure was developed to invert the monolayer on a poly-L-lysine-coated 
coverslip (PLL-CS). Tissue culture clean glass or plastic coverslips were 
incubated with poly-L-lysine (1 mg/ml in HBSS) for 5 rain at room tempera- 
ture, followed by extensive washes in highly purified water (Millex System, 
18 mega ohms) and air dried. PLL coverslips were generally used within 
a few days but could be stored for weeks at room temperature in a dry, dust- 
free environment. 
Confluent monolayers of vascular endothelial cells in 35-ram diam petri 
dishes were washed three times in HBSS at 37°C.  A PLL-CS was gently 
placed down onto the monolayer so that its edge rested against the wall of 
the petri dish. Several seconds later the coverslips were lifted up with fine 
forceps using the point of contact with the petri dish wall as a  fulcrum, 
bringing an essentially confluent sheet of endothelial cells attached by their 
apical surfaces with their original basal surfaces now in contact with the sur- 
rounding medium (Fig. 1). These "inverted monolayers" were immediately 
placed, cell-side-up, in an ice-cold bath of protease inhibitors (0.3 mg/ml 
SBTI and 1.4 TIU/ml aprotinin in DPBS) which served to limit the effects 
of proteases liberated from any damaged cells as well as to quench excess 
poly-L-lysine charges. Inverted monolayers were washed in ice-cold DPBS, 
incubated with 0.1% trypan blue dye in DPBS (2 rain on ice), examined 
microscopically, and cell viability assessed by lack of nuclear  staining. 
Typically,  three  inverted  monolayers  could  be  prepared  from  a  single 
35-ram dish. 
Cells in inverted monolayers retained viability (usually 95-99%) and 
cell-cell contact. Inverted monolayers typically contracted somewhat dur- 
ing their preparation; therefore, individual cells appeared slightly plumper 
by phase-contrast and electron microscopy. When inverted monolayers were 
returned to culture at 37°C in 10% CS-DME, they remained morphologi- 
cally intact and viable for at least 2 wk. 
To determine whether extracellular matrix (ECM) proteins remain as- 
sociated with the basal surface, immunocytochemical localization of ECM 
proteins was performed on inverted monolayers using affinity-purified im- 
munoglobulin directed against individual collagen types I, III, IV, and V 
and  fibronectin, Inverted monolayers and the culture dish surface from 
which they were derived were fixed in acetone/methanol (1:1 vol/vol), in- 
cubated with the specific antibodies or nonimmune rabbit IgG (0.1-1 mg/ml, 
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rabbit IgG was visualized by standard peroxidase-anti-peroxidase staining. 
All of the ECM proteins examined were detectable on the basal surface of 
inverted monolayers as well as on the exposed culture dish surface. No stain- 
ing was observed using nonimmune IgG at the same concentration. When 
the same antibodies were applied to the apical surface of  paraformaldehyde- 
fixed nonpermeabilized BAEC monolayers, no staining was detected with 
any of the antibodies, except for a trace of fibronectin staining at the highest 
antibody concentration. 
This inversion technique was used successfully on confluent monolayers 
of all five strains of  BAEC tested, as well as on primary cultures of HUVEC. 
No special surface coating of the culture dish was found to be necessary. 
However, cells plated on fibronectin-, collagen-, or gelatin-coated dishes 
apparently adhered too firmly to these substrates, resulting in low yield and 
poor viability when the inversion procedure was attempted. Poor results 
were also obtained if the HBSS cooled much below 3"/*C, or if calcium- 
and magnesium-containing washing media were used. The inversion proce- 
dure did not work if: (a) uncoated coverslips (net negative charge) were 
used, (b) the PLL coverslip had been previously quenched in a protein- 
containing solution, or (c) subconfluent endothelial cell monolayers were 
used. 
Covalent Coupling of  LPO to Carboxylate-modified 
Polystyrene Latex Spheres (LPO-latex  ) 
The synthesis, storage, handling, and assay of LPO-latex was performed as 
described in detail previously (18, 19). In brief, carboxylate-modified poly- 
styrene latex spheres (<0.7-1xm diam) are activated using a water-soluble 
carbodiimide and esterified with N-hydroxysuccinimide. In the subsequent 
step, primary amino groups of lactoperoxidase displace the ester, forming 
a stable amide bond. Enzymatic activity is assessed by a simple chromo- 
genic assay (36). LPO-latex stock is stored in 50% glycerol at  -20°C and 
will retain full activity for over a year (19). 
Selective Radioiodination of the Apical, Basal, 
and TotalCeU Surfaces 
Radioiodination of the apical surface (AS), basal surface (BS), and total cell 
surface (TCS) of  endothelial cells was performed in parallel on replicate cul- 
tured monolayers. The TCS iodination served as an internal control, since 
any integral membrane protein radioiodinated on either the AS or BS v~uld 
also be expected to be labeled in the TCS preparation. For most experi- 
ments, one 35-mm petri dish of endothelial cells was used for the AS ra- 
dioiodination, three to six coverslip preparations of inverted monolayers for 
the BS,  and resuspended cells from two 60-mm petri dishes for the TCS. 
To minimize vesicular membrane movement and prevent phagocytosis of 
LPO-latex, all samples and solutions were kept at 0--4°C.  A 1:400 dilution 
of LPO-latex stock (19) was freshly prepared in DPBS +  20 mM dextrose 
(PBS/glucose) and dispensed onto the DPBS-washed monolayers. 1.5 ml 
was pipetted onto right-side-up monolayers (35-mm dishes), and 0.4 ml per 
well was pipetted onto inverted monolayers in 16-mm wells. Resuspended 
cells recovered from the Ficoll/hypaque gradient were transferred to a clean 
35-mm petri dish or 16-ram  well, mixed with the appropriate volume of 
LPO-latex suspension, and allowed to settle (so that some LPO-latex would 
be under the cells) on ice before the centrifugation step. 
The culture vessels containing the various cell preparations and LPO- 
latex were centrifuged (2,000 g, 5 rain, 4°C) in microtiter plate carriers 
(Dynatech Laboratories, Alexandria, VA). This brought the beads down in 
intimate contact with the cell surface where they were adherent but did not 
cause  detectable injury  (18). This  procedure also  served to  attach  the 
resuspended cells to the plastic dish for ease in subsequent manipulations. 
The monolayers then were washed twice in DPBS and checked by phase 
microscopy. 
Radioiodination then was carried out as previously described (18). Brief- 
ly,  ceils were incubated in an ice-water bath generally for 30 rain,  in a 
PBS/glucose solution containing  100-300  ~tCi/ml  carrier-free Na~5I  and 
12  IxU GO.  Iodination was stopped by aspiration of the reaction mixture, 
brief sequential washes with 0.02%  NaN3 in DPBS (to inactivate LPO), 
twice in 0.1 M NaI (in DPBS), and three times in DPBS. After the proce- 
dure, viability was assessed by trypan blue dye exclusion. Cells were then 
fixed for electron microscopic auturadiography (EM-ARG) or lysed for TCA 
precipitation and SDS PAGE analysis as described below. 
Under our iodination conditions, incorporation of t2sI into TCA-precip- 
itable material reached a plateau in 25-30 min (data not shown). To maintain 
optimum viability (>98% consistently, both immediately and 24 h after io- 
dination) a low concentration of GO was used and iodination carried out 
on ice. As previously found for iodination of macrophages using LPO-latex 
(18), incorporation of ~z~I was dependent on LPO and GO and blocked by 
NAN3. Incorporation doubled if either the bead dose or the 125I concentra- 
tion was doubled. LPO-latex was some 50-fold more efficient at iodinating 
cell monolayers than an equal number of units of soluble LPO (data not 
shown). 
Electron Microscopic Autoradiography (EM-ARG) 
After iedination and washing cells were fixed in glutaraldehyde (2.5%  in 
0.1  M  sodium cacodylate buffer pH 7.4)  for 30 rain on ice, stained with 
DAB-H202  10 min at room temperature (U) to visualize LPO activity and 
identify LPO-latex (18), and postfixed in 1% OsO4 for 1 h on ice. Cells 
were then dehydrated in graded ethanols, removed from the culture dish 
with propylene oxide, and embedded in Epon. 
EM autoradiograms were prepared by the flat substrate method of Sal- 
peter and Bachman (27). Thin (1,000 A) sections on collodion-coated slides 
were coated with a crystalline monolayer (purple interference color) of I1- 
ford L.4 emulsion, exposed at 4°C, and developed with Kodak D-19 de- 
veloper (Eastman Kodak Co., Rochester, NY). 
Quantitative Analysis of  EM-ARG 
The probability circle method of Salpeter and McHenry (28) with a correc- 
tion for "cross fire" (7) was used to localize the source of the radiolabel cor- 
responding to particular silver grains. Around the center of each grain is 
drawn a circle which has a 50% probability of containing the source of that 
grain. For 1,000-/~ sections, 125I and Ilford L4 emulsion, the radius of the 
50% probability circle is 1,350/~ (29). The grain is assigned to all struc- 
tures (compartments) lying totally or partially within the circle. The prob- 
ability of true radiolabel in a given compartment creating an exposed silver 
grain is proportional to the specific radioactivity of  the compartment as well 
as the area that the compartment occupies in the cell profile exposed for 
autoradiography. To correct for the effect of the latter, a matrix of random 
points surrounded by 50 % probability circles is placed over each autoradio- 
gram and compartment(s) are assigned to each as for grains. The relative 
grain density is determined by dividing the percent of total grains assigned 
to a compartment by the percent of total points assigned to the compartment 
and is thus a measure of the concentration of radioactivity of each compart- 
ment. We have previously found (18) that the relative grain density of the 
nucleus is essentially a measure of background radiation in such prepara- 
tions. We therefore define "Specific Grain Density" as the relative grain den- 
sity of a given compartment minus the relative grain density of the nuclear 
compartment for that sample. 
TCA Precipitation 
For quantitation of iodide incorporation, duplicate or triplicate aliquots 
(10-100 ~tl) of detergent lysate were pipetted into 1.5-ml  microfuge tubes 
containing 5 gl of normal calf or rabbit serum as carrier. The tubes were 
filled with ice-cold 10% TCA +  0.1 M KI and incubated at 0--4°C for >11 h. 
Tubes were then centrifuged (12,000 g, 5  min, 4°C), the pellets washed 
twice with TCA/KI, and the bottoms of the tubes cut off with a razor blade 
and counted in a gamma counter (model 8,000, Beckman Instruments, Inc., 
Palo Alto, CA). 
To remove TXA14 from samples (see next section), the 1.5-ml microfuge 
tube containing the detergent phase of the TX-114 extract (50-100  lal) was 
filled with ice-cold 10% TCA +  0.1 M KI and incubated at 0-4°C for 1>1 h. 
Tubes were then centrifuged and washed as above, but the TCA pellet is sub- 
sequently resuspended in acetone (-20°C), re-centrifuged (12,000 g, 5 min, 
4°C), and washed in cold acetone before counting and dissolution in SDS 
sample buffer. 
Preparation of  Samples  for SDS PAGE 
Integral Membrane  Proteins.  Two methods were used to eliminate non- 
integral membrane proteins from the iodinated samples. 
(a) Elution with EDTA. In preliminary experiments, we found that a 10- 
rain incubation at 37°C in 30-60 ~tM EDTA in HBSS (without calcium and 
magnesium) eluted virtually all iodinated non-integral membrane proteins 
that could be detected in our gel autoradiograms. This incubation was rou- 
tinely performed during the preparation of our total cell surface iodination 
sample (see above and Results, Fig. 7) and was accomplished for the apical 
and basal surface samples by returning these cells to the incubator in 30 IxM 
EDTA after iodination and washing. All samples were then lysed by scrap- 
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(1-2 mM PMSF,  10-20 p.g/ml  leupeptin), vortexing for 10 s, and spinning 
out LPO-latex, nuclei, and insoluble material in a microfuge for 2 rain. Ali- 
quots  of the  supernatant  were  subjected to TCA  precipitation.  For  SDS 
PAGE the supernatant was mixed with an equal volume of2x  SDS sample 
buffer and placed in boiling water for 5  min. 
(b) Extraction with TX-I14.  A more efficient method for selectively ex- 
tracting integral membrane proteins from cell lysates used TX-114 as described 
by Bordier (4).  Briefly, after iodination and washing in DPBS,  cells were 
lysed in 1% TX-114 (in 10 mM Tris 150 mM NaC1 pH 7.4  +  1 mM PMSF 
+  0.32 TIU/ml aprotinin +  20 I~g/ml leupeptin) by scraping and vortexing 
as described above. Generally 1 ml of detergent was used for each sample 
(apical, total, or basal). The lysate was centrifuged (12,000  g, 5 min, 4°C) 
in a microfuge tube, and the resulting supernatant centrifuged (12,000 g, 25 
min, 4°C)  in a  clean tube.  The second supernatant was carefully layered 
over a 0.3-ml sucrose cushion containing the same protease inhibitors in a 
microfuge tube, placed in a 37°C water bath for 5 min, then centrifuged at 
300 g for 3 min at room temperature (4). The aqueous phase was aspirated 
and the detergent phase subjected to TCA precipitation. The washed TCA 
pellet was dissolved in SDS sample buffer and heated in boiling water for 
5 min. This procedure yielded an efficient extraction of integral membrane 
proteins and therefore was used in the preparation of all SDS gels illustrated 
in this report except Fig.  7. 
Total Membrane  Proteins. To obtain a gel of the total membrane proteins 
(membrane-associated as well as integral membrane proteins) for each cell 
surface preparation,  cells were lysed in NP-40 omitting the prior EDTA 
wash. Alternatively, cells were lysed in TX-114 as described but the second 
supernatant was mixed directly with 2x SDS sample buffer and boiled (i.e., 
no phase separation). 
SDS PAGE 
SDS sample buffer consisted of 2 % SDS, 5 % I~-mercaptoethanol, 12 % su- 
crose, and 0.01% bromphenol blue in 50 mM carbonate buffer, pH 8.6. Cell 
lysates and other liquid samples were mixed with an equal volume of 2 x 
concentrated sample buffer. 
Slab gels (4-11%  or 5-15% linear acrylamide gradient) 16.5-cm long and 
1.5-mm thick were prepared by the method of Neville and run using a dis- 
continuous buffer system (22).  Samples were subjected to electrophoresis 
at 16 mA constant current until the tracking dye reached the bottom of the 
gel. The gels were fixed, stained, destained, dried under vacuum, and sub- 
jected to autoradiography  on x-ray  film (Kodak  XAR-5,  Eastman-Kodak 
Co.) as previously described  (18). 
CONFLUENT  MONOLAYER 
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Figure 1. Method used to selectively radioiodinate the apical, basal, 
and total cell  surfaces  of cultured  vascular endothelial  cells.  (See 
Materials  and  Methods  for  detailed  description.)  Apical  surface 
(APICAL): LPO-latex are centrifuged onto washed monolayer.  To- 
tal  cell  surface  (TOTAL):  Viable  non-enzymatically  resuspended 
cells, recovered from a discontinuous Ficoll-hypaque gradient (F/H 
Gradient), are mixed  with LPO-latex  and centrifuged.  Basal  sur- 
face  (BASAL):  Endothelial  monolayer  is  inverted  on  poly-t- 
lysine-coated  coverslip  (PLL-Coverslip);  after  quenching,  LPO- 
latex  is centrifuged  onto  the original  basal  surface. 
Figure 2.  Photomicrographic  comparison  of intact apical  surface 
and inverted basal  surface  of BAEC  monolayers.  The monolayers 
were prepared  by our standard procedure  up to the point of LPO- 
latex addition and then fixed in 2.5%  glutaraldehyde  in DPBS  for 
20 min at 4°C.  Hoffman interference contrast optics reveal no dis- 
cernable differences in the surfaces of the right-side-up  (a) and in- 
verted  (b) monolayers.  Bars,  l0  p.m. 
Results 
Inversion of  Endothelial Cell Monolayers on 
Poly-L-Lysine-coated Coverslips 
By use of the standard method detailed above (Fig.  1), basal- 
side-up or "inverted" monolayers of BAEC  were  routinely 
prepared with >95 % initial viability; however, in the exper- 
iments  reported  here,  only  those  preparations  containing 
>98%  viable  cells  were  selected  for  radioiodina#gn.  By 
Hoffman  interference  contrast microscopy,  the surfaces  of 
both apical and basal (inverted) preparations appeared to be 
smooth,  intact  monolayers  that  were  remarkably  similar 
(Fig. 2). In particular,  there were no cell fragments or visible 
extracellular matrix attached to the basal surface of inverted 
monolayers.  Similarly,  no cells,  cellular  debris,  or  mem- 
brane fragments were detectable on the bare areas of the petri 
dish  from  which  these  monolayers  were  derived.  As  dis- 
cussed in Materials and Methods,  collagen types I, III,  IV, 
and V and fibronectin could be detected on the basal surface 
of inverted ll-BAEC monolayers (as well as on the bare areas 
of the petri dish) by use of afffinity-purified  specific IgGs in 
The Journal of Cell Biology, Volume 103,  1986  2392 Figure 3. Representative  electron microscopic autoradiograms illustrating  the selective radioiodination  of apical,  basal, and total cell sur- 
faces achieved  using LPO-latex.  Exposed grains are localized  to the apical  surface  in the AS preparation (a) and to the basal  surface  in 
the BS preparation (b). In the TCS sample (c), grains appear distributed  along the entire cell surface. See Table I for quantitative morphomet- 
ric analysis.  Most latex beads are dissolved  during processing for electron microscopy; some residual  LPO-iatex beads are marked by 
the arrowheads in a and c. In this experiment the samples  had been stained with DAB to identify  sites of lactoperoxidase  activity.  Note 
that DAB reaction product outlines,  and is restricted  to, the rim of each LPO-latex  bead.  Arrow in b points  to an intercellular  junction 
which has been preserved in the inverted  monolayer.  Bars,  1 ~'n. 
a  sensitive  peroxidase-anti-peroxidase  immunocytochemi- 
cal staining procedure.  However, the presence of these ma- 
trix proteins did not interfere with our analysis of the integral 
membrane proteins of the endothelial cell plasmalemma (see 
below). 
Selective Radioiodination of  Apical, Basal, 
or Total Cell Surfaces 
As schematically summarized in Fig.  1, LPO-latex was used 
to selectively radioiodinate the AS, BS, and TCS of cultured 
endothelial cells. The small size of the beads used (<0.7 Ixrn) 
Muller and Gimbrone Structural Polarity of Endothelial Plasmalemma  2393 Table L Quantitative Autoradiographic Analysis of Cell Surface-selective Radioiodination Procedures 
Cellular Compartment 
Preparation  Plasmalemma  Cytoplasm*  Nucleus 
Total cell  surface  %  Total grains (1,147)  83  12  6 
%  Total points (1,027)  23  57  19 
Specific grain density*  3.3  -0. I  0 
Plasmalemma§ 
Apical  Basal  (Indeterminate) 
Apical surface  % Total grains (442)  77  7  (6) 
% Total points (777)  18  17  (2) 
Specific grain density  4.2  0.3 
Surface-specific labeling ratioll  14 
Basal surface  % Total grains (2,294)  3  81  (6) 
% Total points (990)  9  13  (3) 
Specific grain density  0.2  6.1 
Surface-specific  labeling ratio  30.5 
Radioiodinations of total cell surface, apical surface, and basal surface were carried out in parallel  on replicate  bovine aortic  endothelial cell cultures, using our 
standard procedure. Quantitative analysis of EM autoradiograms was performed using the probability circle method (28)  applied to randomly selected electron 
micrographs at 8,000 x  (see Materials and Methods for details). Numbers in parentheses indicate total number of grains or points counted for each surface prepa- 
ration. 
* Includes cytosol and all organelles other than nuclei. Most cytoplasmic grains were over vacuoles, many of which may have represented surface invaginations 
(6).  Since this could not be verified  in these specimens, these grains were assigned to the cytoplasmic compartment. 
% total grains in compartment "x"  % total  grains in nucleus 
* A measure of specific  activity of a compartment corrected for background grains defined  as 
% total points in compartment ~x"  % total points in nucleus 
§ In the apical surface and basal surface preparations, 8-10% of the total grains were assigned to cytoplasm and 1-2% to nucleus. The majority of the remaining 
grains were associated with either apical or basal plasmalemma. In cross-sections of thin areas of the cell, where both apical and basal plasmalemmas fell within 
the probability circle for a given grain, that grain could not be uniquely assigned to either cell surface, and therefore was scored as "indeterminate." 
II The ratio of specific grain density on the intended surface to the specific  grain density on the opposite surface. 
allowed many beads to come into direct contact with each 
cell,  providing efficient yet localized catalysis.  After cen- 
trifugation the beads remained on the cell surface with which 
they were originally brought in contact. When kept at ice 
temperature, endothelial cells did not phagocytose the beads. 
EM-ARG confirmed that radiolabeling was restricted to 
the cell surfaces in contact with the LPO-latex beads (Fig. 
3). (The vast majority of beads is dissolved during EM pro- 
cessing;  several remaining beads  are  indicated by arrow- 
heads in Fig. 3.) Quantitative morphometric analysis of the 
autoradiograms by the probability circle method (28) was 
performed on AS, TCS, and BS samples (Table I). In the TCS 
samples,  83 % of the total grains were scattered randomly 
along the plasmalemma. When corrected for compartmental 
area, the plasmalemma had 12-18 times the specific radio- 
activity of  any of the other cellular compartments (e.g., cyto- 
plasm,  nucleus). In the AS preparation, the specific grain 
density of the apical plasmalemma was at least 14 times that 
of the basal plasmalemma. Similarly, in the BS preparation, 
the  specific grain  density of the basal  plasmalemma  was 
more than 30-fold higher than that of the apical plasmalem- 
ma. In both the AS and BS preparations, ~,6 % of the grains 
fell over the peripheral regions of the cell, which were thin- 
ner than the resolution achievable with this technique; thus, 
these grains could not be uniquely assigned to any one com- 
partment.  In all  preparations,  every cell profile examined 
bore exposed silver grains on a plasmalemmal surface, indi- 
cating that our technique radiolabeled each cell. 
Comparison of the Integral Membrane Proteins of 
Endothelial Cell Apical and Basal Surfaces 
Autoradiography of SDS polyacrylamide gels was used to 
analyze the proteins iodinated on the AS, BS, and TCS. Fig. 
4 (left) shows the results of a typical experiment in which 
equal amounts of TCA-precipitable radioactivity from each 
cell surface preparation were subjected to electrophoresis 
under reducing conditions. The iodination pattern observed 
for each surface was reproducible for a given strain of bovine 
aortic endothelial cells;  each contained at  least  15  major 
bands ranging in molecular weight from <20 kD to >200 kD. 
Systematic comparison of radioiodination patterns of the 
apical and basal surfaces in more than 40 separate experi- 
ments revealed consistent differences. Thus, in the I1-BAEC 
strain (Fig. 4, left) there were several bands enriched in the 
apical pattern (at ~180,  140, 96, 86, 65, 57, and 36 kD) that 
consistently were absent, or nearly so, in the basal pattern. 
Similarly, there were bands in the basal pattern (at '~52, 46, 
31, and 22 kD) that consistently were absent, or nearly so, 
in the apical pattern. Each of these specific surface-enriched 
proteins also was present in the TCS pattern. Moreover, the 
TCS pattern was nearly completely reconstituted by mixing 
equal samples of the AS and BS preparations (lane AS + 
BS). 
Fig. 4 (right) compares the apical and basal surface iodina- 
tion patterns of a different strain of BAEC (JOS-BAEC). Al- 
though there were minor differences in the overall patterns, 
several specific apical-enriched bands were clearly identifi- 
The Journal of Cell Biology, Volume 103,  1986  2394 Figure 4.  Comparison of radioiodinated integral membrane proteins of AS, BS, and TCS preparations from two different BAEC strains 
as analyzed by SDS PAGE and autoradiography. (ll-BAEC):  The designated lanes contain equal amounts of TCA-precipitable material 
(35,000  cpm) from TX-II4 detergent phases of AS, TCS, and BS iysates. Arrowheads indicate certain bands that consistently appear to 
be specifically enriched in AS or BS,  respectively, and are well-resolved in this autoradiogram. (Band indicated by asterisk probably 
represents BSA; its significance is discussed in text.) Note that all bands present in AS and BS patterns (except BSA) are represented in 
TCS pattern. Furthermore, the TCS pattern is closely approximated by mixing 17,500 cpm of AS lysate and 17,500 cpm of BS lysate (lane 
AS +  BS). (JOS-BAEC):  Analysis of AS and BS preparations of an independently isolated and cultured BAEC strain. Equal amounts of 
TCA-precipitable material were run in each lane. Although the iodination patterns of AS and BS differ slightly from those of I1-BAEC 
(left), apical and basal specific surface-enriched bands are present (arrowheads), including many of comparable molecular weight to those 
of the  ll-BAEC strain (lefi).  Molecular weights of protein standards (×10  -3) are indicated at left and right margins; 4-11% acrylamide 
gels; 51  h exposure (/el,); 66 h exposure (right). 
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40 kD, many of which appeared similar to those in ll-BAEC. 
Even more striking, the specific basal-enriched bands in this 
strain have molecular masses of ~52, 47, 30, and 24 kD, es- 
sentially identical to those seen in the  ll-BAEC. 
All of  the bands in Fig. 4 represent integral membrane pro- 
teins as defined by two distinct methods. First, none of these 
bands  were  released  into  the  supernatant  when  iodinated 
cells, washed as described in Materials and Methods, were 
subjected to three cycles of freezing and thawing in the pres- 
ence of traditional chaotropic agents (including high and low 
ionic strength buffers,  1 mM EDTA, carbonate buffer pH 
10.5, 0.5 M acetic acid, and 5% 13-mercaptoethanol).  How- 
ever, all bands were solubilized by 0.05 % NP-40, a nonionic 
detergent (not shown). Second, these polypeptides bound to, 
and partitioned with,  the hydrophobic detergent TX-114 by 
the method originally described by Bordier (4) for the sepa- 
ration of integral membrane proteins from hydrophilic pro- 
teins. The only exception, noted by use of the TX-114 meth- 
od,  was  a  band  co-migrating with bovine serum albumin 
(BSA) that appeared in the basal surface pattern (Fig. 4, band 
marked by asterisk).  BSA has four known binding sites for 
the detergent (4,  17); therefore, it is incompletely separated 
from other soluble proteins. Note that BSA did not appear 
in the TCS pattern. 
Several experiments were performed to rule out the possi- 
bility that the observed differences in surface iodination pat- 
terns were artifactually generated:  (a) Iodination and pro- 
cessing of PLL-coated coverslips that had been incubated 
with serum-containing medium yielded no iodinated bands 
(other than  BSA) that  co-migrated with  any of the bands 
in the AS,  TCS, or BS patterns;  (b) None of the bands in 
the surface-specific patterns corresponded to any of the en- 
zymes or protease inhibitors added during the procedure (not 
shown); (c) Major cytoplasmic proteins, including actin and 
myosin, were not labeled (Fig. 4), consistent with restriction 
of radioiodination to the surfaces of intact viable cells; (d) 
When cells were nonenzymatically removed from the culture 
dish and the remaining dish surface was radioiodinated, the 
autoradiographic pattern obtained was a broad smear that did 
not resemble any of the cell surface patterns obtained (not 
shown); (e) When the apical surface ofa monolayer was iodi- 
nated and then either resuspended (to simulate preparation 
of TCS; Fig. 5, a and b) or inverted (to simulate preparation 
of BS;  Fig.  5,  c  and  d)  using  our standard  protocol, the 
resulting  AS  labeling  pattern  was  unchanged;  (f)  Brief 
(30 s) exposure of cell cultures to PLL (1  mg/ml) followed 
by the usual "quenching" procedure did not change the subse- 
quent iodination pattern of the apical surface (not shown). 
Thus,  the experimental procedures used to produce resus- 
pended and inverted preparations did not influence the final 
appearance of surface-specific iodination patterns;  (g)  The 
typical iodination patterns obtained were also unaffected by 
culturing cells on alternative substrata  such as "Primaria" 
which has a net positive charge rather than standard tissue 
culture plastic, which has a net negative charge (not shown). 
Therefore, each of the bands marked by arrowheads in Fig. 
4 appears to represent an integral membrane protein that is 
markedly enriched in, or unique to, either the apical or the 
basal  surface of cultured BAEC.  The qualitative pattern of 
membrane polarity illustrated in Fig. 4 was consistently ob- 
served in more than 40 experiments performed with mono- 
Figure 5. The apical surface-specific iodination pattern is not ar- 
tifactually generated by the methods used to resuspend or invert 
BAEC monolayers. Confluent I1-BAEC  monolayers  were radioiodi- 
nated on the apical surface and lysed immediately in TX-I14 (lane 
a) or non-enzymatically resuspended, harvested from the Ficoll- 
hypaque gradient, and lysed (lane b). In a separate experiment the 
monolayers were radioiodinated on the apical surface and lysed im- 
mediately in TX-I14 (lane c) or inverted on PLL-CS by the standard 
procedure prior to lysis (lane d). In both comparisons, aliquots of 
lysate containing equal numbers of  TCA-precipitable  cpm were ana- 
lyzed by SDS PAGE  autoradiography. No changes were detected in 
the AS iodination pattern. Positions of molecular weight standards 
are indicated on the left. 4-11% gradient gel; lanes a and b, 32,000 
cpm applied; lanes c and d,  16,000 cpm applied; 60 h exposure. 
layers of the ll-BAEC strain at various passage levels (sub- 
cultures 16-39). In addition, a similar polarized expression 
of integral membrane proteins was documented in four other 
strains  of BAEC.  Moreover, when both primary and  pas- 
saged cultures of human umbilical vein endothelium were 
examined by this technique, they also displayed several inte- 
gral membrane proteins that appeared to be markedly en- 
riched on either the apical or basal  surface (Fig.  6). 
Comparison  of  Non-Integral Membrane Proteins 
Associated with Apical and Basal Surfaces 
To examine whether there also was an asymmetric distribu- 
tion of membrane-associated proteins on the surfaces of cul- 
tured  BAEC,  iodinated  right-side-up  and  inverted  mono- 
The Journal of Cell Biology, Volume  103, 1986  2396 Figure 6.  HUVEC also display structural polarity of integral plasmalemmal proteins. (Lej~) Primary cultures of HUVEC were subjected 
to surface-selective iodination, apical (AS), total (/US), and basal (BS), using the same procedure as for BAEC. Iodinated integral mem- 
brane proteins extracted by TX-114 are compared. Proteins that appear markedly enriched in or unique to AS are marked by arrowheads 
on the left; those markedly enriched in or unique to BS are marked by arrowheads on the right. The band marked by the asterisk is BSA 
(see text for explanation). Essentially all of the bands visible in AS and BS patterns (except BSA) are present in TCS pattern. (Right) Pas- 
saged HUVEC (subculture 4) were iodinated on the AS and TCS and extracted with TX-114, as for primary cultures. With our current 
methodology we were unable to prepare inverted monolayers of passaged HUVEC.  Therefore, specific AS-enriched proteins, indicated 
by arrowheads on the left, are inferred from bands markedly enriched in the AS pattern compared to the TCS pattern; specific BS-enriched 
proteins, indicated by the arrowheads on the right, are inferred from integral membrane proteins in the TCS pattern not visible in the AS 
pattern. Note that many of these specific surface-enriched proteins have the same Mr in primary as well as passaged cells. Positions of 
molecular weight standards are indicated at the margins. 4-11% gel.  Primary HUVEC,  34,000  cpm/lane; passaged HUVEC,  40,000 
cpm/lane. 
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pletely eluted off during the brief pre-flotation incubation of 
these  cells  in  30  gM  EDTA.  Many of the  basal  surface- 
associated proteins appear to be serum components. 
The major band adherent to the apical surface has an ap- 
parent molecular mass of 30 kD on reducing gels, but 60 kD 
when not reduced (not shown). It was eluted by micromolar 
concentrations of EDTA and was more prominent in post- 
confluent than subconfluent monolayers. Thus, it most likely 
represents CSP-60, an endothelial-associated protein whose 
expression in culture is density-dependent, as originally de- 
scribed by Vlodavsky et al.  (39)  in cultured BAEC. 
Figure 7. BAEC also display a polarized distribution  of membrane- 
associated  proteins.  AS,  BS,  and TCS  samples  were prepared as 
usual but washed only in Ca  ++- and Mg++-containing buffers after 
iodination.  (The TCS sample had been incubated  in 30 ~tM EDTA 
in HBSS during harvest.) Samples were lysed in 0.05 % NP-40 and 
aliquots  containing  equal  numbers of TCA-precipitable  cpm sub- 
jected to SDS PAGE on a 5-15%  gel.  Arrowheads to the left and 
right indicate  proteins  markedly enriched in or unique to the AS 
or BS,  respectively.  Those marked with  asterisks  represent  non- 
integral  membrane  proteins  which  are  partially  or  completely 
eluted  by a 5-min incubation in 30 IxM EDTA and are therefore 
markedly  diminished  or absent in the TCS pattern.  Those specific 
surface-enriched  bands resistant  to EDTA represent  the same inte- 
gral membrane proteins  seen in the TX-114 lysates of Fig.  4 on a 
4-11% gel. 
layers were processed for PAGE analysis without subjecting 
them to EDTA washing or TX-114 condensation (see Mate- 
rials and Methods). Several non-integral membrane proteins 
remained  selectively  associated  with  either  the  apical  or 
basal cell surface (Fig. 7). The bands marked by arrowheads 
in  Fig.  7  represent  proteins  specific  for a  given  surface. 
Those marked by asterisks are specific surface-enriched non- 
integral  membrane proteins.  Note that none of these  non- 
integral membrane proteins appears prominently in the total 
Figure 8. Bovine aortic smooth muscle cells (BASMC)  do not display 
a differential distribution  of  plasmalemmal proteins.  Cells were cul- 
tured at densities approximating  a confluent monolayer. Apical sur- 
face (AS) and total cell surface  (/US) preparations  were iodinated 
in parallel  with  I1-BAEC, and integral  membrane proteins  were 
analyzed by SDS PAGE autoradiography.  Note that the AS and TCS 
patterns of  BAEC are markedly different, reflecting the contribution 
of the basal  surface-enriched  proteins  to the TCS pattern  (arrow- 
heads), whereas the AS and TCS patterns  of BASMC are qualita- 
tively similar.  Molecular weights of protein standards  (×10  -3  ) are 
indicated  at the margins; 4-11% gels. 
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Property of Endothelial Cells 
To test whether this observed polarity of plasmalemmal pro- 
teins was an intrinsic property of the endothelial cell rather 
than simply the consequence of its attachment to a  culture 
dish, we compared cell surface iodination patterns of BAEC 
with those of bovine aortic smooth muscle cells derived from 
the same blood vessel as BAEC and serially passaged under 
similar in vitro conditions. Selective apical and total cell sur- 
face iodinations of bovine aortic smooth muscle cells cul- 
tured at a density that simulated a "confluent monolayer" was 
carried out in parallel to  ll-BAEC monolayers. Fig. 8 com- 
pares apical and total surface iodination patterns of integral 
membrane proteins. In contrast to the differential cell surface 
patterns  characteristically seen  with  ll-BAEC  due  to  the 
presence of BS-enriched proteins in the TCS pattern (Fig. 8 
arrowheads), a polarized pattern was not observed with vas- 
cular smooth muscle cells. No bands were identified in the 
smooth muscle TCS pattern that were not seen in the AS pat- 
tern, thus indicating a qualitatively symmetric expression of 
integral membrane proteins over the entire surface. A similar 
result was obtained using another nonpolarized cell type- 
mouse peritoneal macrophages (18;  not shown). 
Further experiments demonstrated that membrane polar- 
ity is not only an intrinsic property of cultured BAEC but 
also  a  dynamic  one.  When  inverted monolayers  were  re- 
turned to culture, they remained morphologically intact and 
>98% viable for at least 2 wk. When the iodination patterns 
of the free  surfaces of these inverted monolayers were  se- 
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Figure 9. Inverted monolayers regain the apical surface radioiodina- 
tion pattern when  returned to culture.  Confluent monolayers of 
JOS-BAEC were inverted and returned to culture for 1, 2, or 3 d, 
then  iodinated in parallel with freshly inverted (day 0)  or non- 
inverted (APICAL SURFACE PATTERN)  monolayers and  sub- 
jected to  SDS  PAGE.  From the  autoradiogram an  AS-enriched 
band, a BS-enriched band and a  symmetrically distributed refer- 
ence band were chosen which could be most accurately excised 
from the gel and their radioactivity directly quantitated. On this 
particular gel, in contrast to Figs. 4 and 10, the most distinct AS 
band was the one at 96 kD (A96). The BS band used was the one 
with Mr 24  kD (B24).  The change in radiolabeling of A96 and 
B24 with time was normalized and related to the reference band by 
the Relative Radioactivity  Index =  (CPM surface-enriched band + 
CPM reference band) -  1. The absolute radioactivity of the refer- 
ence band varied by <5 % over the course of the experiment. Note the 
disappearance of B24 with time and the concomitant re-expression 
of A96 such that by 3 d the iodination pattern of the free surface 
of the inverted monolayer is qualitatively similar to the AS pattern 
of a non-inverted monolayer. 
Figure 10. Integral membrane protein polarity is established before 
confluence of the monolayer. JOS-BAEC were plated at densities 
such that after 4 d in culture, cells were either 50 % confluent (sub- 
confluent,  SC)  or  1-d  postconfluent  (PC).  Aliquots containing 
equal radioactivity in integral membrane proteins from apical sur- 
face (AS) and total cell surface (TCS)  iodinations were compared 
by SDS PAGE autoradiography. AS and TCS samples from sub- 
confluent monolayers closely resemble their postconfluent counter- 
parts. Characteristic AS-enriched bands (four of which are indi- 
cated  by  arrowheads  at  left  labeled  with  apparent  molecular 
weights) are seen in the AS preparations, even at subconfluence. 
Similarly, two specific BS-enriched bands that stand out well in the 
TCS preparations (arrowheads, right) are seen at subconfluence. 
4-11% gel. 2V2-d exposure. 
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but  with  time,  specific BS-enriched proteins  disappeared 
while specific AS-enriched bands  appeared in the pattern 
and progressively increased in intensity. Fig. 9 illustrates the 
fate of two  such bands  in a  representative experiment in 
which their relative radioactivity has been normalized to a 
symmetrically distributed reference band. The AS iodination 
pattern of a confluent non-inverted monolayer is stable for at 
least  1 wk in culture (not shown). 
Endothelial Cell Membrane Polarity 
Is Established  before Confluence 
We compared the apical and total cell surface iodination pat- 
terns of BAEC as a function of culture density. Initial plating 
densities were adjusted so that after 4 d in culture cells were 
either '~50% confluent or 1 d postconfluent. As seen in Fig. 
10, postconfluent monolayers (JOS-BAEC strain) displayed 
characteristics AS and TCS integral membrane protein iodi- 
nation patterns. Cell-associated CSP-60 increased with con- 
fluence (not shown), as previously reported (13, 39). Of in- 
terest, however, at subconfluence the AS and TCS integral 
membrane  protein  iodination  patterns  were  qualitatively 
similar  to the  corresponding patterns  of confluent mono- 
layers. Specific AS-enriched bands were present on the free 
surface of subconfluent monolayers (Fig.  10, arrowheads on 
left). Furthermore, the subconfluent TCS pattern contained 
specific BS-enriched bands  not present in the AS pattern 
(Fig. 10, arrowheads on right) and was relatively depleted of 
specific AS-enriched bands.  This  indicated  that  the  final 
polarized distribution of BAEC basal surface integral mem- 
brane proteins and most likely that of the apical surface inte- 
gral membrane proteins as well was established before the 
formation of a confluent monolayer. 
Discussion 
The data presented in this paper demonstrate that cultured 
vascular endothelial cells possess  a  structurally polarized 
plasmalemma, which, by analogy to structurally more spe- 
cialized epithelial cells (1, 35), may subserve polarized cell 
functions. Initial efforts were focused on integral membrane 
proteins rather than surface-associated proteins because any 
asymmetry in the disposition of the former could be taken 
as  direct  evidence for  structural  polarity  of the  plasma- 
lemma. Both qualitative and quantitative surface-specific dif- 
ferences  were  observed.  Because  the  efficiency of LPO- 
mediated iodination of a particular membrane protein can be 
affected by the local environment of the substrate (18), we 
cannot conclude that small differences in labeling observed 
with this method reflect actual differences in the density of 
that polypeptide on a given cell surface. Therefore, we have 
concentrated on the qualitative differences between the api- 
cal and basal surface and compared bands that appeared vir- 
tually restricted to one surface or the other. Reproducibly, 
in the ll-BAEC strain,  certain polypeptides, with apparent 
molecular masses of ~180,  140, 96,  86, 65, 57, and 36 kD, 
were markedly enriched on the apical surface, while other 
polypeptides, with apparent molecular masses of 52, 46, 31, 
and 22 kD, were markedly enriched on the basal surface. In 
the JOS-BAEC strain a similar polarized distribution of inte- 
gral membrane proteins was  found. Moreover, the specific 
apical- and basal-enriched proteins had apparent molecular 
weights that were similar, but not identical to, those of their 
ll-BAEC counterparts (e.g., strain 11 bands B31 and B22 and 
strain JOS bands B30 and B24 [Fig. 4]). The functions of 
these specific surface-enriched integral membrane proteins 
are  not yet known.  However, the  fact that asymmetry of 
integral membrane proteins exists demonstrates that these 
cultured vascular endothelial cells exhibit an  apical/basal 
polarity of their plasmalemma.  This phenomenon was  not 
restricted to a certain species, vessel type, or passage level, 
since both primary and passaged human umbilical vein en- 
dothelial cells (Fig. 6), as well as several strains of BAEC 
(Fig. 4), all exhibited this polarity. 
Several observations indicate that this structural polarity 
of the endothelial plasmalemma is not an artifact of our ex- 
perimental system. First, cultured bovine aortic smooth mus- 
cle cells and mouse peritoneal macrophages (cells which are 
nonpolarized in vivo) both displayed a symmetric pattern of 
integral membrane proteins when analyzed by the same tech- 
niques (Fig. 8); thus, our methods themselves did not create 
asymmetric patterns.  Second, the experimental procedures 
used to selectively radiolabel specific endothelial cell sur- 
faces did not influence the final patterns obtained (Fig. 4, cf. 
lanes AS + BS vs./US; Fig. 5). Third, the iodination pattern 
of the inverted monolayer was  relatively stable for at least 
1 d in culture (Fig. 9). Therefore, it is unlikely that specific 
BS-enriched bands are the products of nonspecific proteoly- 
sis or protection therefrom. 
The concept of structurally distinct domains along the en- 
dothelial plasma membrane is not new (33), yet compared 
to our knowledge of epithelial cells, relatively little is known 
about composition of the endothelial surface. In a series of 
in vivo ultrastructural  studies,  M.  and N.  Simionescu and 
their collaborators have extensively investigated the luminal 
surface of murine fenestrated endothelia, which exhibit mor- 
phologic specializations  of their plasmalemma  (e.g.,  dia- 
phragms of  vesictes and fenestrae) not seen in continuous en- 
dothelia of non-visceral vasculature.  These specializations 
were found to have different overall anionic densities (34) 
and composition (30) as assessed by the binding of cation- 
ized ferritin perfused in situ. In a study of the abluminal sur- 
face, interstitially injected cationized ferritin bound in the 
same distribution as on the luminal surface with one major 
difference: it did not bind to the abluminal aspects of fenes- 
tral diaphragms (31). These studies established the concept 
of ionic  charge  microdomalns  on  endothelium,  some  of 
which might be polarized with respect to the vascular lumen. 
Recently,  Horvat et al.  (14) have used  immunoelectron 
microscopy to demonstrate that podocalyxin, a 140-kD sialo- 
protein, appeared essentially restricted to the luminal sur- 
face of endothelial cells, where it was present in a patchy dis- 
tribution (14) reminiscent of  that of the CF binding sites (32). 
At present, it is not known if podocalyxin is an integral mem- 
brane protein synthesized by endothelial cells, or if it is pro- 
duced elsewhere and  adsorbed to the luminal  endothelial 
surface from the blood.  Immune precipitation with cross- 
reacting antibodies might help to determine whether our 140- 
kD apical surface-enriched band is the bovine equivalent of 
podocalyxin. 
Cultured endothelial cells typically display density-depen- 
dent (contact) inhibition of cell division (13, 39), the mech- 
anisms of which appear to be complex and are incompletely 
understood. Vlodavsky et al. (39) characterized a 60-kD pro- 
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plasma membranes of confluent monolayers of BAEC, but 
was not present on sparse, actively growing BAEC or bovine 
aortic smooth muscle cells. They postulated a role for this 
protein (which they named CSP-60) in the adaptation of a 
monolayer configuration by BAEC. A protein that appears to 
be CSP-60 by the above criteria behaves as a non-integral 
membrane protein selectively associated with the apical sur- 
face of BAEC (Fig. 7). Therefore, whatever physiologic role 
it plays in the stabilization of the cell monolayer or in mediat- 
ing contact inhibition, it presumably functions at or between 
the apical surfaces of the cells. We find that the expression 
of  this protein on the BAEC surface increases with increasing 
cell density (data not shown).  However, the integral mem- 
brane proteins  of the  plasmalemma  appear  to be already 
polarized at a time when the cells are only 50 % confluent 
(Fig.  10) and bear relatively little CSP-60 (13, 39, and our 
data [not shown]). Plasmalemmal polarity is therefore estab- 
lished independently of the degree of cell-cell contact or the 
status of growth inhibition. 
When inverted BAEC monolayers were returned to cul- 
ture, the integral membrane protein pattern of the free sur- 
faces assumed an "apical" phenotype (Fig. 9). Reexpression 
of the full apical surface iodination pattern took 3-4 d, a time 
frame similar to that observed by Chambard et al. (5) for the 
reorientation of everted thyroid follicles implanted into a col- 
lagenous gel. This process seems slow compared with the 
rate at which most cells (37) can cycle large areas of mem- 
brane by vesicular transport and, in particular, with the rate 
of transcytosis in arterial endothelial cells (38).  The pro- 
longed time course of this process may be consistent with 
degradation and resynthesis of new  surface-specific mem- 
brane proteins. It is also possible that the initial interaction 
with the PLL coverslip alters the kinetics of this process. Al- 
ternatively, the trace amounts of  extracellular matrix remain- 
ing associated with the original basal aspect of the cell may 
stabilize that surface while new basement membrane compo- 
nents are being secreted and organized at the original apical 
surface. The morphology of cultured capillary endothelial 
cells is greatly affected by interactions with specific base- 
ment membrane components (16) and such interactions (or 
at least a surface for adhesion) may be crucial for the genera- 
tion and maintenance of the polarized cell phenotype in en- 
dothelial cells, as they are in other epithelial cell systems (5, 
24,  35). 
Our radiolabeling procedure shows us the surface iodina- 
tion pattern of the sum of the cells in the culture. It will be 
interesting to determine  whether  small  subpopulations  of 
cells with altered membrane polarity (or nonpolarized sur- 
faces) exist, for example, at the growing edges of a wounded 
monolayer.  Such  studies  may  require  direct visualization 
using  antibodies  directed against  surface-specific compo- 
nents (see below). 
Most of our present knowledge of cell polarity comes from 
studies on epithelial cells such as hepatocytes (1), thyroid pa- 
renchymal cells (5), and especially the Madin-Darby canine 
kidney (MDCK) renal tubular cell line (23, 24, 35). These 
studies  involve  methodologies  very  different  from  ours. 
Nonetheless, several differences between the physiology of 
our endothelial culture systems and other epithelial systems 
are worth pointing out. Epithelial cells feed from their baso- 
lateral surface (which in situ is the side facing their blood 
supply), whereas endothelial cells feed from their luminal 
(apical) surface. Thus, two sources of potential polarizing 
signals, blood-borne factors and the basal lamina, are on the 
same side for epithelial cells but on opposite sides for endo- 
thelial cells. There is evidence that both may influence epi- 
thelial cell polarity (5,  35).  Another major difference be- 
tween our system and most epithelial cell systems studied to 
date is that, under our culture conditions, the vascular endo- 
thelial cells do not form tight junctions, whereas the epithe- 
lial cells do. There is evidence that epithelial cells, like endo- 
thelial cells, do not require tight junctions to generate and 
maintain a polarized plasmalemma (24). 
This demonstration of apical/basal polarity of the endo- 
thelial  cell  plasmalemma  implies  an  ordered  subcellular 
structure and raises several interesting questions: What fac- 
tors influence the generation and maintenance of polarity in 
endothelial cells? What role do surface-specific cell com- 
ponents  play  in  various  physiologic functions and  patho- 
physiologic responses of  the endothelial cell? What is the cell 
surface distribution of receptors for various hormones, in- 
flammatory mediators, and blood cells? Is this distribution 
altered as a  result of ligand binding,  in response to other 
stimuli, or in altered functional states (9)? 
We are currently pursuing studies with monoclonal and 
polyclonal antibodies directed against defined cell surface 
structures.  Several well-characterized enzymes such as an- 
giotensin-I converting enzyme and carboxypeptidase N have 
been demonstrated immunochemically to be present on the 
endothelial plasmalemma in situ and in vitro (26), but their 
apical/basal distribution remains to be defined. Preliminary 
immune precipitation experiments using heterosera against 
aogiotensin-I converting enzyme (in collaboration with Dr. 
Joseph Lanzillo, Tufts-NEMC, Boston) and insulin receptor 
([15]; in collaboration with Dr. George King, Joslin Diabetes 
Center, Boston) suggest that both of these membrane pro- 
teins are located predominantly on the apical ("luminal") sur- 
face. Further studies are necessary to explore the regulation 
of the apical/basal expression of these functionally important 
molecules. 
Many of the  specialized roles served by vascular endo- 
thelium are now being studied at the level of molecular in- 
teractions  at  the  cell  surface.  Previous  work  from  other 
laboratories (14, 26, 33) has demonstrated topographical spe- 
cializations along the luminal endothelial surface that may 
contribute to physiologic functions. Our study extends this 
knowledge with the demonstration that the vascular endo- 
thelial cell displays an apical/basal polarity of plasmalemmal 
proteins. Therefore a mechanism exists whereby the endo- 
thelial cell,  in a  manner similar to more structurally spe- 
cialized epithelial  cells,  can  selectively restrict particular 
functions to its luminal or abluminal surface. By use of the 
experimental approach described in this report, it should be 
possible to directly investigate the role that polarized distri- 
bution ofplasmalemmal proteins may play in the biology and 
pathobiology of vascular endothelium. 
We thank E.  Gordon,  W.  Atkinson, and K. Case for technical assistance 
in cell culturing, D.  Hickey for manuscript preparation; Drs. I.  Mellman 
and M. Kielian for suggesting the Triton X-II4 technique, and Drs. R. Co- 
tran and J. Pober for helpful discussions and comments on the manuscript. 
This research was supported by National Institutes of Health grants HL- 
22602,  HL-25536, and T32-HL-07066. 
Received for publication 11 April 1986, and in revised form 20 August 1986. 
Muller and Gimbrone Structural Polarity of Endothelial  Plasmalemma  2401 References 
I. Battles, J. R., L. T. Bralterman, and A. L. Hubbard.  1985. Endogenous 
and exogenous domain markers of the rat hepatocyte plasma membrane. J.  Cell 
Biol.  100:1126-1138. 
2. Bevilacqua, M. P., J. S. Pober, G. R. Majean, R. S. Cotran, and M. A. 
Gimbrone, Jr. 1984. Interleukin- 1 (IL- 1) induces biosynthesis and cell surface 
expression of procoagulant activity in human vascular endothelial cells. J. Exp. 
Med.  160:618-623. 
3. Bevilacqua,  M.  P.,  J.  S.  Pobcr,  M.  E.  Wheeler,  R.  S.  Cotran,  and 
M. A. Gimbrone, Jr. 1985. Interleukin  1 acts on cultured human vascular en- 
dothelium to increase the adhesion of polymorphonuclcar  leukocytes,  mono- 
cytes, and related cell lines. J.  Clin.  Invest.  76:2003-2011. 
4. Bordier, C. 1981. Phase separation of integral membrane proteins in Tri- 
ton X-114 solution. J.  Biol.  Chem.  256:1604-1607. 
5. Chambard, M., J. Gabrion, and J. Mauchamp.  19gl.  Influence of colla- 
gen gel on the orientation of epithelial cell polarity: follicle formation from iso- 
lated thyroid cells and preformed monolayers. J.  Cell Biol.  91:157-166. 
6. Davies, P. F., and L. Kuczera.  1981. Endocytic vesicles and surface in- 
vaginations in cultured vascular endothelium: a morphometric comparison. J. 
Histochem.  Cytochem.  29:1437-I441. 
7. Farquhar, M. G., J. J. Reid, and L. W. Daniell. 1978. Intracellular trans- 
port and packaging of prolactin: a quantitative electron microscope autoradio- 
graphic study of mammotrophs dissociated from rat pituitaries. Endocrinology. 
102:296-311. 
8. Gimbrone,  M.  A.,  Jr.  1976. Culture  of vascular endothelium.  Prog. 
Hemostasis  Thromb.  3:1-28. 
9. Gimbrone, M. A., Jr. 1986. Endothelial dysfunction and the pathogene- 
sis of atherosclerosis.  In Proceedings of the 7th International Atherosclerosis 
Symposium.  P.  J.  Nestel,  editor.  Elsevier  Science Publishers,  Amsterdam. 
367-369. 
10. Gimbrone, M. A., Jr. 1986. Vascular endothelium: nature's blood con- 
tainer.  In  Vascular Endothelium in Hemostasis and Thrombosis.  Chapter  1. 
M.  A. Gimbrone, Jr., editor.  Churchill Livingstone,  Edinburgh.  1-13. 
11.  Graham, R. C., Jr., and M. J. Karnovsky.  1966. The early stages of ab- 
sorption of injected horseradish peroxidase in the proximal tubules of mouse 
kidney: ultrastructural cytochemistry by a new technique. J. Histochem.  Cyto- 
chem.  14:291-302. 
12.  Harlan, J. M. 1985. Leukocyte-endothelial interactions. Blood. 65:513- 
525. 
13.  Heimark,  R.  L.,  and  S.  M.  Schwartz.  1985. The role of membrane- 
membrane interactions in the regulation of  endothelial cell growth. J. Cell Biol. 
100:1934-1940. 
14.  Horvat,  R., A. Hovorka, G. Dekan, H. Poczewski, and D. Kerjaschki. 
1986. Endothelial cell membranes contain podocalyxin-the major sialoprotein 
of visceral glomerular epithelial cells. J.  Cell Biol.  102:484-491. 
15.  King, G. L., and S. M. Johnson.  1985. Receptor mediated transport of 
insulin across endothelial cells.  Science (Wash.  DC).  227:1583-1586. 
16. Madri, J., S. K. Williams, and C. Mezzio.  1983. Capillary endothelial 
ceil  cultures:  phenotypic  modulation  by  matrix  components.  J.  Cell  BioL 
97:153-165. 
17. Makino, S., J. A. Reynolds, and C. Tanford.  1973. The binding ofdeox- 
ycholate and Triton X-100 to proteins. J.  Biol.  Chem.  248:4926-4932. 
18.  Muller, W. A., R. M. Steinman, and Z. A. Cohn.  1980. The membrane 
proteins of  the vacuolar system. I. Analysis by a novel method of intralysosomal 
iodination. J.  Cell Biol.  86:292-303. 
19. Muller, W. A., R. M. Steinman, and Z. A. Cohn.  1983. Intracellular io- 
dination of lysosome membrane for studies of membrane composition and recy- 
cling. Methods Enzymol.  98:404-415. 
20.  Nakache, M., A. B. Schreiber, H. Gaub, and H. M. McConnell.  1985. 
Heterogeneity of membrane phospholipid mobility in endothelial cells depends 
on cell substrate.  Nature  (Lond.).  317:75-77. 
21.  Nawroth, P. P., and D. M. Stem.  1986. Endothelial cells as active par- 
ticipants in procoagulant reactions. In Vascular Endothelium in Hemostasis and 
Thrombosis.  Chapter 2. M. A. Gimbrone, Jr., editor.  Churchill Livingstone, 
Edinburgh.  14-39. 
22.  Neville,  D.  M., Jr.  1971. Molecular  weight determination of protein- 
dodecyl sulfate complexes by gel electrophoresis in a discontinuous buffer sys- 
tem. J.  Biol.  Chem.  246:6328-6334. 
23.  Rodriguez-Boulan, E., and D. D. Sabatini.  1978. Asymmetric budding 
of viruses in epithelial monolayers: a model system for study of  epithelial polar- 
ity. Proc.  Natl.  Acad.  Sci.  USA.  75:5071-5075. 
24. Rodriguez-Boulan, E., K. T. Paskiet, and D. D. Sabatini. 1983. Assem- 
bly of enveloped viruses in Madin-Darby Canine Kidney cells: polarized bud- 
ding from single attached cells and from clusters of cells in suspension. J.  Cell 
Biol.  96:866-874. 
25. Rosenberg,  R.  D.,  and J.  S.  Rosenberg.  1984. Natural  anticoagulant 
mechanisms. J.  Clin.  Invest.  74:1-6. 
26.  Ryan, U. S., and J. W. Ryan. 1983. Surface properties of pulmonary en- 
dothelial cells. Ann.  NY Acad.  Sci.  416:441-456. 
27.  Salpeter, M. M., and L. Bachman. 1964. Autoradiography with the elec- 
tron microscope.  A procedure for improving resolution,  sensitivity, and con- 
trast. J.  Cell BioL  22:469-477. 
28.  Salpeter, M. M., and F. A. McHenry.  1973. Electron microscope autora- 
diography. Analyses ofautoradiograms.  In Advanced Techniques in Biological 
Electron  Microscopy.  Vol.  I.  J.  K.  Koehler,  editor.  Springer-Verlag,  New 
York.  113-152. 
29.  Salpeter, M. M., H. C.  Fertuck,  and E. E. Salpeter.  1977. Resolution 
in electron  microscope autoradiography.  III. Iodine-125,  the effect of heavy 
metal staining, and a reassessment of critical parameters. J.  Cell Biol. 72:161- 
173. 
30.  Simionescu, M., N. Simionescu, J. E. Silbert, and G. E. Palade.  1981. 
Differentiated microdomains on the luminal surface of the capillary endotheli- 
urn.  II.  Partial  characterization  of their  anionic  sites.  J.  Cell  Biol.  90: 
614-621. 
31.  Simionescu, M., N. Simionescu, and G.  E. Palade.  1982. Preferential 
distribution of anionic sites on the basement membrane and the abluminal aspect 
of the endothelium in fenestrated capillaries.  J.  Cell Biol.  95:425-434. 
32. Simionescu, M., N. Simionescu, F.  Santoro, and G. E.  Palade.  1985. 
Differentiated microdomains  of the  luminal plasmalemma of murine  muscle 
capillaries:  segmental variations in young and old animals. J.  Cell Biol.  100: 
1396-1407. 
33.  Simionescu, N., and M. Simionescu. 1980. Hydrophilic pathways of  cap- 
illary endothelium, a dynamic system. In Alfred Benson Symposium 15 on Wa- 
ter Transport Across Epithelia.  H. H. Ussing,  N. B.  Bindslev, and O. Sten- 
Knudsen, editors.  Munksgaard,  Copenhagen.  1-21. 
34.  Simionescu, N., M. Simionescu, and G. E. Palade.  1981. Differentiated 
microdomains on the luminal surface of the capillary endothelium. I. Preferen- 
tial distribution  of anionic sites. J.  Cell Biol.  90:605-613. 
35.  Simons, K., and S.  D. Fuller.  1985. Cell surface polarity  in epithelia. 
Annu.  Rev.  Cell Biol.  1:243-288. 
36. Steinman,  R.  M.,  and  Z.  A.  Cohn.  1972. The  interaction of soluble 
horseradish  peroxidase  with mouse peritoneal  macrophages  in  vitro.  J.  Cell 
Biol.  55:186-204. 
37.  Steinman, R. M., I. S. Mellman, W. A. Muller, and Z. A. Cohn.  1983. 
Endocytosis and the recycling of plasma membrane. J.  Cell Biol.  96:1-29. 
38. Vasile, E., M. Simionescu, and N. Simionescu.  1976. Visualization of 
the binding, endocytosis and transcytosis of low-density lipoprotein in the ar- 
terial endothelium in situ. J.  Cell Biol.  96:1677-1689. 
39.  Vlodavsky, I., L. K. Johnson, and D. Gospodarowicz. 1979. Appearance 
in confluent vascular endothelial cell monolayers of a specific cell surface pro- 
tein (CSP-60) not detected in actively growing endothelial cells or in cell types 
growing in multiple layers.  Proc.  Natl.  Acad.  Sci.  USA.  76:2306-2310. 
The Journal of Cell Biology, Volume  103, 1986  2402 